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Abstract

2H NMR spectra and conductiv.ty of liquid and frozen HClOu =.5 HEO have

been obtained over wide temperat.re range {140 to 300K). The 2H kMK spectra

show a gradual broadening of an :isatropic resonance at lower tempzrature from

Aty

= 2Hz at 300K to 50 kH =1 '70K. At even lower temperatures, flat top

spectra of breadth 170 kHz were .cserved. The presence of isotrigic spectra

above 170K indicates that the ge.zerons (protons) are relatively mobile even

in the frozen state. A pilot of #- i):in1z2) vs. (1/T), tne Arrher:us plot,

further reveals the presence of t~. phase transitions centered at 228 + 2K and

180 + 5K. Conductivity measurems ts agree well with the NMR resu.ts. The

activation energies were determirzz rrom NMR (conductivity) measu-ements to be

U.27 eV (0.29 eV) from 228-180K a1 U. 40 eV (0.36 eV) from 180 tc 140K.

Ntroduct.on
\4‘1'

In recent studies 1t has besr. shown that the investigation of processes

at the metal - agueous clectrolyte i1nterface can be extended Lo temperatures

below the freezing point of the e.ectrolyte, and it has been demurstrated for

reactions as well as doublée layer properties '1-3.. The electro.,z2 that has

been used 1n these investigations was aqueous perchloric acld of tne composi-

tion HCIOQ*S.SH;O. In the phase Ziagram of HZO-HCJO this compos.t:ion

uy
represents an actdhydrate of a stoichiometric compesition with the nighest
wat2r content possible. . The freezing point cf that compound is 223K,
kecently the structure of HC;Ou‘S.SHzo was determined by Mootz et al. /4,5
using X-ray diffraction. Accord:rg to Mootz and Wiehke 4 the czrpound
crystallizes 1n a clathrate structure, similar to several gas nhysrates, of

cutae 0N type. H20 arnd H' form tne host lattice while CIO“' 1L tne guest.

At temperatures T < 173K a hignu: crder phase transformation scems to

Ltiv

i
1




take place whicr is reversible upon going back to higher temperatures.

- . Since this perchloric acid hydrate is a s.itable electrolyte also in the !
frczen state it was assumed that the protons are relatively mobile even in the ;
solid phase. In order to clarify this point, WMk and conductivity meas.re- )
ments were performed to obtain some insight intg the proton mobility of
HCldu*S.SHéO at various temperaturcs in the lizuid and frozen state of tne

electrolyte. T

-+
Id

Experimental

The conductivity measurements were performed using an a.c. bridge

technique (1kHz) and fast galvanostatic pulses. The latter technique does

only give the resistance and a calibration was .sed to obtain conductivity
values. The ceil consisted of two platinum fo..s, each of approx. 2 cm2 area,
which were positioned approx. 'mm apart from eact uther. Tre cell is similar
to the one described earlier /3 and had a temgerature accuracy of approx. ¢
2K. Measurements were performed in an aqueous solution of HClOu (ACS grade)
which corresponds to the composition of the 5.5 nydrate. Measurements were
not performed .r. deuterated solutions. The d.77erence between i and D was
not considered crucial ror this prelilminary st.2y. The conductivity was
measured as a function of temperature from higree to lower temperatures and
vice versa.

Deuterium NMR quadrupolar spectra were obtiained on a home-built 3un MH?
spectrometer (&H frequency - 4& MHz) interfacez to a Nicoiet 128u computer
data system with 293B pulse programmer and a zo9u trans:ent recorder capable
of digitizing up to ¢ Miz at 12 bit resclution. Spectra without proton

decoupling were obtained using either a single pulse sequence for temperatures



T

above 190 K where T the spir-s;.n relazation timc, 1is long, .- gquadrupolar

20
echo technique /6/ for temperazures below 190 K (P"/2 = 2 microsecond).
Recycle delay times were var:iel vetween 0.2 to 4 s depending ¢~ temperature.
Samples were cooled with temperature regulated nitrogen gas at 50 cubic feet
per hour. Between 10-15 mir.z<s werc allowed for sample to e:I..librate
between temperature changes. ‘he complete equilibration norme..y takes 3
minutes as monitored by NMh. Temperatures were calibrated w.i" a piatinum
resistoi placed inside 4 ca..zration sample and the accuracy .: estimated to

be + 2°C. The sample for tr

(28]

NME measurements was @ Smm x 1.7 cm sample tube

contains 0.25 ml of HCLYO

N
¥

4 24,0 which was prepared by mixing 3.22g DQO with
7.08g of 71% HClOu, this corresponding to D:H molar ratio of zgproximately

1.1

Results and Discussion

The results of the corauctivity measurements are shown .o Fig. 1 in an
Arrhenius piot. Essential.y tnree airferent ranges can be Z.stinguished. In
the liquid eiectrolyte, atove 228k, the activation energy ¢! tne conductivity
is small, approx. ©.Lce.. Alter freecing of the electrolyiz. no discontinuity

seems Lo appear 1in the conluclivily bul the activation ensrg. LeCOMes much

larger, 0.29eV. Tms vaslue is stiil relatively small for == ionic conduction
process. At lower temperatures, Ty180K, a further change .- slope is
observed. The activation energy calculated from the siops .3z cpprox. u.37eV,

slightly higher than the one at higher temperatures.
Fig. 2 shows deuterium Juadrupole spectra of the aguel.s perchloric acid
at various temperatures. The temperature dependence of tri NMR spectra shows

two prominent features: (i) a gradua! broadening of the h.zh temperature

isotropic line from 2Hz at 293K to 28 kHz at 171K and (i: a sharp transitiorn




from an isotropic line to a broas spectrum at 170 « UK, Also showr in Fig. 2
1s a deuterium quadrupole spectrur of pure 020 at Z2435K. The hzo spectrum has
breadth, the separation of the tws prominent edges, of - 170 kHz a3 asymmetry
parameter i 0.1. This 1s characteristic of immobilized deuterors. The
breadth of the deuterium Quaedrupc.e spectrum cf perchloric acid delterons at
1S5 18 also 170kHz. However . tne presence of flat-top linestaps 1ndicates
that the deuterons in HCIOQ*E.SHCQ are still reorienting at 1UL 5'1 /9-11..

Fig. 3 shows the temperature Ituendence of ¢n (1/4n ), where Ap

1/& 1/’/2 iS

the half width of the isotropic rescnance above 170K, This plot reveals
az2aitional information on the nature of the electrclvte system. 7w transi-
tiors with the midpoint of the transition, Tm' at 228 + 2K and 6 1+ 5K are

ocpserved. A complex supercooling éftfect was observed tfor the high temperature

transition. wWhen the tumperature w~as decreased from above Tm, the complete
transformation did not occur unt. 208K. This transformation 1s
craracterized by the observation .! a single narrow isotropic deuts:ium

spectrum whose linewidtnh increases with decreasing temperature. however, when
tre temperature was raised from o & 1o 228K, the deuterium spectren consists
of two components, a broad componert characteristic ot the low temovrature
pnase and a narrow component charzcteristic of the highly mob:ile prase. The
relative populat;on of these two compunents varies with temperatur: in the
sense that high temperature tavors tne motile component. The nat.re of this
complex behavior is currently unce: investigation. The low temperature Tm
agrees quite well with our conduct.vity measurements. The obsetvat.on =f
isotropic lines at the temperaturces where perchloric acid is frocern, 1.e.,
be-low 228K, provides direct evidence that deuterons are quitc mob:.= in this

5011d perchloric acid ctltathrate,

£~




Line rnarrowing can take place through three mechanisms, the diffus.c. or
deuterons from site to site in the clathrate lattice /127, the 180° reor en-
tation of the water molecule with respect to the H-O-H bisector without
diffusion, and the coexistence of reoriertation and diffusion. In the :zst
limit, the aiffusion process averages the deuterium spectrum to an isdtrocic
line whereas a broad, -1 spectrum of breadth - 12U kHZ 15 ¢rpected four tne
anisotropic reorientation process alone 7,9/, Our observation of 1sotrop.c
lines above 17UK suggests that reorient:tion of deuteron alcne can not expiain
the observation and that the deuteron must be diffusing rapidly through tne
lattice. The correlation time of the diffusion process is related to tre

increase 1! linewidth, AU Py by the fclicwing equation 13,14/,

where T2 13 the spin-spin relaxation time, 1 1s the asymmetry parameter,
2 . )
e qQ‘h 1s tne guadrupole coupling constant ( 200 kHz) and 1 is the

C

correlation time rfur the diffusion process. Since i U.} for dJdeuterons .n

water, tne asymmetry contribution is negligible and tne linebroadening carn be

, as

rejated to the correlation time r o and herce the diffusion rate k = 1:1
C L

wher e C =

Therefore s piot ot ¢n {1,Ap1J Y ovs, 1T will allow us tu determinge the

12
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activation energy fur ¢ reorientation process. This .5 shown in Fig. 3.
The activation energies were found to be V.04 + 0.02 ¢, rabove 230 K), 0.27 ¢«
0.05 eV (180-228K) and U.4 + 0.1 eV (170-180 K). These agree quite well with
that obtained from corcuctivity measurements of 0.02 €., 0.29 eV and (.36 eV,
respectively. Since corductivity measurements monitcer tne diffusion process
it is tempring to conci.de that the narrowing of the c:o.terium spectrum is
also due to diffusion. tHowever, it is not necessarily so. Soda and Chibe has
measured the activatior energies of the reorientation process of several
hydrates and found ther to vary between 0.25 to 0.7 eV 9/. Garg and Davidson
have employed the secord moments of the proton NMR specira to determine the
dynamics of Class I arc Il clathrate ices and have corc.uded that although
reorientation may prod.cé line narrowing at somewhdt [l.cr temperatures than
diffusion, the twe processes appear to be effective in rearly the same
temperature range ¢ . Theretore the NMR spectral averaging is likely to be
the combined erfect cf recrientation and diffusion. wWs should also point out
that at lower temperatures (below 1BOK) the extreme narrowing condition, i.e.,
Wr, oo 1, may not be va.:1d, therefure the activation ersrgy obtalned at these
loew temparotures must o¢ taken with caution.

Kecently using ce.Zerlium NMR spin-alignment techr.jue, Fujara ct al.,
have mueasured the geomelry and time scale of the tetrar-=23ral jump of aH 111

v
T

deuterated poiycrysta..ine hexagonal ice (Inh) 12 rey also cunc.uded that
these tetrahedral jumps are due to diffusing Bjerrum vicancies. [ one asaume

that ditfusion is responsthle for the NMR spectral averaging, then Ote can

determine the diffusior rate ot Jeuteron from the lollw.ng equation

>
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where ; : 38 is the separation of ceuteron in the clathrate lattile and 'c 1S

the correlation time of the diffusicrn process which can be taken =5 the time

it takes for the deuteron to hop froem site to site. The calculatez diff ision

corstants follow the same cutve as #r. 1/An, , and are shown in Frg. 3. They

vary from - 70‘6 cm2/s at 260 K to 3 % 10 cmz's at 170 K. Frecuzing of

trie electrolyte at 228 K reduces tnz oiffusion coustant by a tactor of 7 from
L ox 10‘7 to - 5.8 x 10-8 cm2 s,

When we compare our tresults w.ir data obtained from X-ray aiflraction
J4,5 there is a quite jocd agreercr . The clathrate structure wr.ch was
determined for HClOu*S.BHeo contains large volds ang in assighing tne
diffraction patterns the authors repurted that no sharp refliexes could be
obtalned for the protons. This a.rezly indicates that the protons exhibit a
large mobility in the solid metrix. The higher order phase transfirmation
four 2 at 173K coincides well with trne changes In siope found 1n tre drrhenius
plots o' tne conductivity and aisc tne NMK data. The rearrangement »f the
latzice 4t tnis temperature makes tre motion of the protons obviu.s.y less
faviratie. In conclusion, our cord.ctivity and NMh data shows thal tne
dewter.n (proten) in the HCIUQ’S.EnBO clathrate are vory mobile even in the

frocen state 4and that twd structura: transitions dre osbserved whicr arc

cerzered at 228 + 2 K and 18U + 5 A.
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Figure Captions

Fig. 1. Acrhentus plot of the electrical conduetivie,

temperature ra ¢ 1H0 - 300K,

rlg. 2.

various temper.tures.  Spoctra were obtained w.

technique witr. %’ .= 2 ps oand digitized at
LI,

were varied foomou, o3 (173K) to 4S8 (183K). AL

I3 a spectrur . DO at 243K (bottom). Sce

veuterium quacrupole NMi spectra of the perar oo

LUOHCLO, *5.

“10 acid hydrate ot

hothe quadrupole oot

ve, Reeyele times

ir

FUotor Jetdiis.,

Flg. 3. The temperatur< variations of Jeuterium qu:dr.iole NMK spectral
: . 2
Titewiatn, Ar, (He) ang girfusion cunstant, o (em sy, The
ihewidihs wirc Jotormined by lineshape simusztion o a Nicolet

COmpuUter ws.ro AMRCAE

shown on the flgure
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